Data structure designs for breeding value estimation of performance-tested boars using mixed-model methodology were compared. Computer models were based on estimates of parameters from the literature and from results of a survey of test station managers. Results were compared using accuracy (the correlation of true and estimated breeding values) and prediction error variance (PEV). The single-trait animal model included a fixed effect due to station-season, a random effect due to breeding value for ADG or backfat, and a random error term. Family size, number of families per test, and relationships among animals within and across tests were varied. Prediction error variance decreased faster for small families than for large ones as number of families increased, but increasing numbers of animals per pen was most important, especially if test size was optimized. With no other genetic ties, full-sibs were much more accurately evaluated than half-sibs. Designs that included sire ties among families within a station-season resulted in increased PEV. Increasing the number of full-sibs and(or) increasing the number of families per test would help to optimize PEV and correct this problem. Tying station-seasons with the relationship matrix improved the average accuracy of predicted breeding values. Placing full-sibs in different stations resulted in the greatest accuracy of evaluation, but a large number of half-sib (sire) ties resulted in comparable accuracies. Half-cousin ties did not improve accuracy of evaluation but could result in significant genetic progress by increasing the selection differential. 
Introduction
Although mixed-model methodology has been refined and applied extensively in the .iairy and beef cattle industries, the swine industry in the United States has been slow to adopt its use. In recent years, results of mixedmodel analyses of swine data have been reported with increasing frequency Mabry et al., 1987; Keele et al., 1988) . Most research on mixed-model methodology has been conducted using design structures commonly found in cattle data. The purpose of this study was to explore the behavior of mixed-model equations when data structures similar to those found in central boar test stations are used and then to establish guidelines for exploiting data structure to increase accuracy of swine genetic evaluations.
Materials and Methods
Tesr Station Survey. A survey of 32 central swine testing station managers was conducted to ascertain data structures. Twenty-six managers responded to questions concerning entry requirements (e.g., number of animals, pen were calculated and are presented in Table  1 . These numbers were used as guidelines in setting up the various combinations of parameters for the data structure designs modeled in this study. Animal Model with Relationships. The performance index recommended by the National Swine Improvement Federation for use by central test stations includes ADG, backfat (BF), and feed efficiency (FE) measured as the ratio of feed to gain (National Swine Improve ment Federation, 1988) . Literature estimates of parameters associated with these traits were summarized (Table 2) using guidelines pmvided by Hutchens and Hintz (1981) . Of considerable interest were the genetic correlations of FE with ADG and BF; indirect Christian and Wood, 1985) . The absence of a genetic correlation between ADG and BF, along with a low (.15) phenotypic correlation, also suggested the use of single-trait mixed models as opposed to a multiple-trait model with its conelated variance structure . Thus, ADG and BF were considered separately, and FE was ignored, to avoid complications engendered by multipletrait models.
The animal model used in this study assumed that breeds were analyzed separately and that the only fixed effect was due to a station-season combination. The only random variable in the model was breedin value.
Common environmental effects ( 3 ) were i g n o d to keep the designs as simple as possible and because very few estimates of 6 were available. Genetic trends would be accounted for by inclusion of relationships (Poll& and Quaas, 1981), so the models also ignored such trends.
The model used for animals with records was as follows:
E11
where yi. = AJX or BF measured on the jh boar in &e i* station-season, si = fixed effect due to the i* station-season (i = 1, 2,. . . , p) plus the underlying mean common to all observations, bj = random effect due to the j* boar in the i* station-season (i = 1,2,. . . , n), and q , = random error associated with the observation on the j* boar in the i* stationseason. For an animal model that includes both animals with records and genetically related animals with no records,
where y is an n x 1 vector (augmented to t x 1 with the addition of a t -n null vector when evaluating animals without records) of observations on ADG or BF; X is an n x p incidence matrix; 2 is a t x t matrix equal to an n x n identity matrix relating observations to the animals that made them and augmented by null rows and vectors for animals that are to be evaluated but have no records; fl is a p x 1 vector of unlolown fixed effects; u is a t &fined as the one which in the class of linear Accuracy and prediction error variance unbiased predictors has minimum PEV (Hen- where M = I, -X(XX)-'X'.
(PEW were the criteria by which the designs derson, 1975a).
were compared to determine which were optimal, accuracy because it is defined as the correlation between the estimated and true M g values, and PEV or VW(U -a) the "best" evaluation method has been
Modeling procedures
The computer programs required for generation of coefficient matrices and he resulting (Wood, 1986) for standard deviations of gain (.12) and backfat (.lo) were used to generate e m variances, which were calculated as standard normal deviates. The variance ratios (k) were obtained from the h2. After the animal equations with fixed effect absorbed were built, constants needed to adjust the equations for information from the relationship matrix were added to the appropriate elements of the coefficient matrix. That matrix was inverted by using the LINVlF routine in IMSL (1984) , and PEV were calculated from the diagonal elements of the inverse. After all Var(u -e) had been accumulated for each class, the average was calculated.
Designs. Data structure designs (Table 3 ) were modeled by using information from Table 1 and parameter estimates from Table 2 . A direct inverse of the coefficient matrix was desired, so numbers of pens and stations and total numbers of animals were kept small, yet they were of a magnitude consistent with information from the station survey.
Designs examining relationships included animals with no relatives, half-sib families, and full-sib families. Family size (number of sibs) varied from one for unrelated boars to eight for half-sibs. This last design was reflective of a possible progeny test using paternal half-sibs, whereas family sizes of two, three, and four are commonly found in test station situations (Table 1) . Total number of animals was constrained by the numbers of families involved. A midvalue of 16 was chosen based on the average number of pens of Durocs tested during the survey period. Some of the recommendations made by Robison (1982) suggested that 25-pen tests could be realistic, and a test consisting of five pens was chosen as an arbitrary minimum. The number of unrelated animals was based on the total number of animals in the multiple-member families.
Genetic relationships among families within and across stations are of interest for several reasons. Relationships among families within stations may increase accuracy of evaluation, but if families are too closely interrelated, a decrease in accuracy may actually occur (Wood et al., 191) . The question is whether a balance can be found When tests are tied by genetic relationships, boars in different tests may be fairly compared, and accuracy of evaluation may also increase. Thus, designs that included genetic ties within and across tests were modeled. The basic data structure already described was used as a foundation relative to family size and number of pens.
A genetic tie was defmed as a pedigree relationship between animals in different families through a common relative. To determine the effect of adding genetic ties across stations, designs using sire, paternal-grandsire, and fullsib ties were modeled. These three types of ties were used to connect sets of three stations of different sizes (5, 16, and 25 full-sib families). To simplify the designs, each time a genetic tie was generated, all stations in a set were so tied. For example, for sire ties, the number of sires decreased by two for each tie added.
Results and Dlscusslon

Numbers of Animals and
Degree of Relationship
It has been shown that increasing the total number of unrelated animals within fmedeffect subclasses is advantageous in increasing accuracy of evaluation (Henderson, 1973;  Ojala et al., 1985; Wood et al., 1991) . As shown in Table 4 (Figure 1 and Table 4 ); four half-sibs in each of 16 families (64) were required for BF. Although certain fixed effects can be ignored in mixedmodel analyses, there are ramifications (such as bias) that must be considered (Henderson, 1973 (Henderson, ,1975a . Such decisions must be made on a case-bycase basis.
When family structure is considered, however, the effect of increasing numbers of pigs becomes more complicated because numbers must be distributed between more and(or) larger families. With unlimited test space, the ideal situation would be more and larger families. In practice, however, the opportunity to place one more boar in a pen (or replace a barrow with a boar) or to remodel or reorganize an existing statim is more feasible than building a larger facility. Figure 1 illustrates the differences in accuracy of evaluation for various numbers of halfsib families as family size increases. The graph is for ADG, but the pattern for BF is very similar. For every pen size, increasing the number of families was most beneficial when test size was small, beyond 16 families, the slopes of the lines moved toward zero but the differences between family sizes remained parallel. Accuracy also improved somewhat faster for smaller half-sib families than for larger families as number of families increased (e.g., an increase in total numbers is more beneficial when numbers are small to begin with), because the change was proportionately smaller for the large families. With full-sib families, however, the rate of improvement was similar for family sizes of two, three, or four animals Figure 2) .
When full-sib and half-sib families are compared (Figures 1 and 2) , it can be seen that increases in accuracy were not linear. Under the assumption of no c2, the addition of extra full-sibs had more than double the impact of adding the same number of half-sibs. When tests were as large as 25 families, two full-sibs contributed almost as much information as eight half-sibs, if families were not related. Therefore, if test size is small, the first priority would be to test full-sibs, and if pen dimensions allow, then increase the number of animals per family, Increasing the number of pens per test would also be worth the retum in improved accuracy, especially if half-sib families are being tested. When test size is optimized, however, or it reaches approximately 15, attention should be focused on increasing family size. A two-part approach to the problem could include reorganizing tests to define contemporary groups (like state and national breed tests) more accurately and concurrently rewriting entry requirements to fill pens most efficiently for optimum accuracy of evaluation for individual tests.
If c2 had been included in the model, it is probable that the effect of adding more fullsibs would not have been as dramatic. In progeny testing, the presence of c2, if ignored, can limit improvement in accuracy (Pirchner, 1983 ). Yet, accounting for c2 in design and analysis can be extremely difficult; this is one reason why use of paternal half-sibs has become the method of choice for progeny testing in beef cattle merger, 1983). When dealing with evaluation of individuals based on their own records and those of relatives, the situation is even more complicated, because of probable confounding with dams and pretest environment (Carlson, 1980) . Conversely, Falconer (1981) pointed out that competition may cancel out some of the effects due to c2.
Mixed-model methodology offers the possibility of accounting for c2. Henderson (1973) and Kennedy et al. (1985) have used different approaches to address this problem, but a final solution has not been found One management suggestion, if indirect selection for FE is assumed, would be to randomly assign half-or full-sibs to pens to reduce $. Another possibility would be to use electronically controlled feeding stalls, but such a system would be expensive.
Genetic Ties Within Station
When a sire has more than one set of littermate progeny on test at the same time in the same location, a design structure is created that involves half-sib (sire) ties in a fairly small data set. Although not observed fre quently in central tests, this structure will OCCUT often in an on-farm performance program. In situations involving mixed-model evaluation of data sets with small numbers per subclass and closeIy related animals, however, the presence of nonzero off-diagonal elements generated by A-' may have a detrimental effect on breeding value estimates (Wood et al., 1991) . Thus, designs involving differing numbers of sire ties within station were compared in this study to ascertain their effects on accuracy of evaluation.
In modeling these designs, two subsets of data we= generated, based on the pattern of genetic ties. With small numbers of ties, the first subset consisted of full-sib boars with direct ties across families because they had the same sire, and the second subset contained 
litters were sired by two boars, however, the first subset consisted of three litters from one sire; the second contained the two litters sired by the second boar. In other words, all litters were tied directly with at least one other, and some were tied more tightly than others.
As discussed by Wood et al. (1991) , designs with large numbers of genetic ties within a fixed effect may under some circumstances result in increased PEW. As shown in Table 5 , increasing ties among animals mcreased PEW in all cases investigated except the large (25-family) test. For ADG in that instance, the design with 10 sires resulted in a slightly lower PJW, compared with the design with 15 sires, but no such change was observed for BF. Having three full-sibs within a family, rather than two, helped decrease PEV, as did increasing the number of families within a test from 5 to 25. Seventy-five animals present in 25 families of three littermates each had the lowest PEW. Evaluation of BF, with its greater h2, resulted in lower PEV than for ADG, but the higher h2 also resulted in a slower rate of change in PEV. As might be expected, more dramatic changes in PEV occurred in the smaller tests.
Conversely, as test size increased, the differential between PEV of related boars and their testmates increased, and the PEV of testmates was greater than that of the directly related boars. The one exception to the pattern was in the five-pen tests. In family sizes of two and three, the PEV of related boars was greater than that of their testmates. Mathematically, the result was due to nonzero off-diagonal elements in A-' (Wood et al., 1991) .
Ties Across Tests
Half-sib Ties. A half-sib, across-station tie was defined as litters having the same sire but located in different station-seasons. Table 6 contains average PEW of individual boars for such designs. The sparseness of the relatively large matrix containing 92 M 138 boars (two or three per family, respectively) led to the expected results. As number of ties increased, the average PEV for all boars gradually declined. Figure 3 shows in more detail that boars in tied stations were more accurately evaluated than those in stations with no ties, assuming the same family size. Figure 3 also demonstrates that tying smaller families across station-seasons increased accuracy as much as increasing family size. For example, 10 animals with a tie to the other two stations had the same accuracy as 15 animals (five families of three full-sibs) with no ties to other stations.
As previously noted for small data sets, however, both accuracies were lower than that obtained by ranking on individual pformance because of fitting the fixed effect due to station-season. Larger tests consisting of pens of three full-sibs and no ties, however, were still more accurately evaluated than the same size tests with two full-sibs per family and one genetic tie, and families consisting of three Number of Full-Sib Families full-sibs with ties all had higher accuracies of evaluation than those obtained from ranking on individual performance (Figure 3 and Table 4 ).
As number of ties increased, however, the same pattern as in Table 5 (1987) analyzed data from central test stations that included a reference sire to provide ties across station. They noted that inclusion of the reference sire increased accuracy of evaluation but concluded that naturally occurring ties were sufficient. Paternal Half-Cousin Ties. Paternal halfcousin ties are generated as a result of using half-sib sires to produce litters tested in different stations. This situation is common in the purebred swine industry wherein sons of a popular boar are sold and used by a number of breeders. The breeders, in tum, place litters sired by these sons in central test stations. If these ties are common enough, it might be possible to dispense with some of the restrictions and cooperation necessary to generate designed ties such as those provided by reference sires.
Relative to half-sib ties, however, halfcousin ties were quite weak in improving accuracy: curves representing the addition of one half-cousin tie were indistinguishable from &tie curves in Figure 3 . One may compare animals across stations after adding these ties, but an excessively large number of ties would be required to improve accuracy appreciably.
Indeed, one paternal half-cousin tie is only 1/ 16 as strong as a half-sib tie. But the selection differential may be increased by comparing more animals fairly across test and by choosing a smaller proportion of the total, and this may be sufficient reason for using half-cousin ties.
FUZZ-Sib Ties. Full-sib ties are generated by sending one or more littermates to different test stations. This is the most designed of the ties considered because these are unlikely to occur without prior planning, but locations of stations in the United States would lend themselves to a regional network consisting of tightly linked groups of stations tied on a national basis by half-sib ties such as those provided by AI sires.
In contrast to the other ties, these are quite strong when numbers are comparable. Even if single full-sibs are sent to different stations, the tie is strong enough to increase accuracy above that of tests with no ties and two fullsibs per pen, as shown in Figure 4 . As discussed earlier, some caution must be exercised in interpreting these results because c2 is not in the model. The other major drawback is that there is a lower biological limit to the number of ties possible, relative to half-sib and half-cousin ties, inasmuch as AI technology allows the production of many more Paternal half-sibs than full-sibs. It also seems that the beneficial effect of additional families is masked somewhat by the presence of a full-sib tie; the slope of the tied lines is much flatter than that of the untied lines. Again, with increasing numbers of ties, the rate of improvement also levels off. Accuracy of Sire Evaluations. One advantage of using the animal model is that animals with records and related animals with no records of their own can be evaluated simultaneously. A measure of accuracy of those evaluations is also obtained. Sire average PEV are summarized in Table 7 . Because the portion of the relationship matrix directly concerned with sires was relatively sparse (they were assumed to be unrelated except for half-cousin ties), the average E V decreased as more information about greater numbers of progeny was assumed. With related sires (halfcousin ties), average PEV decreased very little. These results are in agreement with work on sire models by Henderson (1975c Henderson ( ,d), ojala et al. (1985 , and Wilmink and Dommerholt (1985) . Thus, one possibility is the use of market pigs to evaluate sires and(or) young boars. This may be the most efficient use of on-farm information and also would help when selection for market hog performance through traits of boars is less than perfect (Standal, 1977; Roberts and Curran, 1981) .
On the other hand, classical experiments have shown the danger of using full-sibs to evaluate parents (Lush, 1935 (Lush, , 1945 Falconer, 1981; Pirchner, 1983) , and that experience must be taken into account when deciding whether to emphasize young boars or sires.
Also, in contrast to other traits evaluated under a sire model, ADG and BF are more highly heritable. But, several recent studies (Belonsky and Kennedy, 1988; Keele et al., 1988) have indicated that even with high heritability, BLUP results in greater accuracy of evaluation than selection on phenotype or index. Keele et al. (1988) also concluded that BLUP is robust to errors in estimated heritability.
Although this study has addressed the problem of optimizing accuracy for centrally tested animals, it has not addressed the problem of testing too few animals overall. One method of increasing numbers of tested animals would be to combine on-farm tests with central tests. This has the added appeal of evaluating boars on the basis of their relatives' market performance, because there is some indication that the traits measured in the station are not those of greatest importance at the packing plant (Standal, 1977; Roberts and Curran, 1981) . But, Van Diepen and Kennedy (1989) concluded from an analysis of Canadian data that the correlations were large enough to expect some genetic progress from using boars and gilts evaluated in central tests. One major disadvantage of incorporating onfarm evaluations is the large increase in number of fixed effects, so it would be necessary to ensure that data sets were reasonably large.
Implications
Inclusion of genetic relationships in mixedmodel analyses of centrally tested boars resulted in greater rate of improvement in accuracy for average daily gain than for backfat. Conversely, increasing the number of boars within station-seasons improved the evaluation of backfat more because fixed effects were more accurately estimated. Increasing family size when families were not related resulted in increased accuracy of evaluation. Tying station-seasons by using genetic relationships resulted in a total increase in accuracy, far outweighing the decrease in accuracy for closely related boars. Use of relationship matrices may also allow fair comparison of more boars. It is possible in the context of a central test situation to specify covariances among animals through imposition of entry requirements. Likewise, specific g e netic ties could prove especially valuable if onfarm performance tests are linked to the central tests.
